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p27Kip1 alters the response of cells to mitogen and is part of a cell-
intrinsic timer that arrests the cell cycle and initiates differentiation
Béatrice Durand*†, Matthew L. Fero‡, James M. Roberts‡ and Martin C. Raff*
Background: In many vertebrate cell lineages, precursor cells divide a limited
number of times before they arrest and terminally differentiate into postmitotic
cells. It is not known what causes them to stop dividing. We have been
studying the ‘stopping’ mechanism in the proliferating precursor cells that give
rise to oligodendrocytes, the cells that make myelin in the central nervous
system. We showed previously that the cyclin-dependent kinase inhibitor
p27Kip1 (p27) progressively accumulates in cultured precursor cells as they
proliferate and that the time course of the increase is consistent with the
possibility that p27 accumulation is part of a cell-intrinsic timer that arrests the
cell cycle and initiates differentiation at the appropriate time.
Results: We now provide direct evidence that p27 is part of the intrinsic timer.
We show that although p27–/– precursor cells stop dividing and differentiate
almost as fast as wild-type cells when deprived of mitogen, when stimulated by
saturating amounts of mitogen they have a normal cell-cycle time but tend to go
through one or two more divisions than wild-type cells before they stop and
differentiate. Cells that are p27+/– behave in an intermediate way, going through
at most one extra division, indicating that the levels of p27 matter in the way the
timer works. We also show that p27–/– precursor cells are more sensitive than
wild-type cells to the mitogenic effect of platelet-derived growth factor.
Conclusions: These findings demonstrate that p27 is part of the normal timer
that determines when oligodendrocyte precursor cells stop dividing and
differentiate, at least in vitro. It seems likely that p27 plays a similar role in many
other cell lineages, which could explain the phenotypes of the p27–/– and
p27+/– mice.
Background
The cellular and molecular mechanisms that control the
size of an animal or an organ are poorly understood, and,
despite their fundamental importance, they have received
surprisingly little attention. Size largely reflects cell
numbers, which are determined mainly by controls on cell
proliferation and cell death [1]. We have been studying
these controls in the rodent optic nerve, focusing on the
mechanisms that determine the final number of oligoden-
drocytes, the cells that myelinate the axons in the nerve
[2]. The oligodendrocytes develop from dividing precursor
cells that migrate into the developing optic nerve from the
brain, beginning before birth [3]. The precursors divide a
limited number of times before they stop and terminally
differentiate into postmitotic oligodendrocytes [4], which
first appear in the rat optic nerve around the day of birth,
following which their numbers increase for 6 weeks [5].
Clonal analyses of either single [4] or purified [6] oligoden-
drocyte precursor cells suggest that a cell-intrinsic timer
plays an important part in determining when a precursor
cell stops dividing and differentiates. When precursor cells
isolated from postnatal day 7–8 (P7–8) rat optic nerve, for
example, are stimulated to proliferate in culture by either
astrocytes or platelet-derived growth factor (PDGF), they
divide from zero to eight times before they stop and differ-
entiate, and the progeny of an individual precursor cell
tend to stop dividing and differentiate at about the same
time [4,6]. Moreover, if the two daughter cells of an indi-
vidual precursor cell are separated and cultured on astro-
cyte monolayers in separate microwells, they tend to
divide the same number of times before they differentiate,
suggesting that a cell-intrinsic timing or counting mecha-
nism limits the time or number of times that a precursor
cell normally divides [4]. The finding that precursor cells
cultured at 33°C divide more slowly but stop dividing and
differentiate earlier, after fewer divisions, than at 37°C
suggests that the mechanism does not operate by simply
counting cell divisions but probably measures elapsed
time in some other way [7].
For the intrinsic timer to operate normally at least two
kinds of extracellular signaling molecules are required: the
mitogen PDGF [8–10] and hydrophobic signals such as
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thyroid hormone (TH) or retinoic acid [6]. The need for
PDGF is indicated by the finding that single [4] or puri-
fied [6] precursor cells cultured in the absence of PDGF
stop dividing and differentiate into oligodendrocytes
within 1–2 days, whether or not hydrophobic signals are
present [4,6]. The need for hydrophobic signals is indi-
cated by the finding that most precursor cells cultured in
the presence of PDGF but in the absence of hydrophobic
signals tend to keep dividing without differentiating [6]. If
TH is added to such cultures after 8 days, however, the
precursor cells rapidly stop dividing and differentiate [6].
This finding and others [11] suggest that some kind of
timing mechanism continues to operate even in the
absence of hydrophobic signals and that the cell-intrinsic
timer consists of at least two components — a timing com-
ponent that measures elapsed time independently of
hydrophobic signals, and an effector component that
depends on hydrophobic signals and stops cell prolifera-
tion and initiates differentiation when the timing com-
ponent indicates it is time to do so.
How might the intrinsic timer operate to stop cell divi-
sion at the correct time? Whatever the mechanism, in the
end it must interact with the intracellular control system
that regulates progress through the cell-division cycle. In
principle, the timer could depend on the decay of intra-
cellular stimulatory proteins that normally drive progress
through the cell cycle, the accumulation of intracellular
inhibitory proteins that normally retard progress through
the cycle, or both of these mechanisms. The eucaryotic
cell cycle is controlled by a family of cyclin-dependent
protein kinases (Cdks), which are cyclically activated to
trigger the different phases of the cell cycle at the right
time and in the right sequence [12–14]. These kinases
are regulated by a variety of proteins, including the
cyclins, which activate them, the kinases and phos-
phatases that activate or inhibit them [12,13], and the
Cdk inhibitors, which block the assembly or activity of
the cyclin–Cdk complexes [15]. Two families of Cdk
inhibitors have been identified in mammalian cells —
the Cip/Kip family, which includes p27Kip1, p21Cip1 and
p57Kip2, and the Ink4 family, which includes p16Ink4a,
p15Ink4b, p18Ink4c and p19Ink4d [15]. These inhibitors can
inhibit the various cyclin–Cdk complexes that control G1
progression and entry into S phase, and their overexpres-
sion in various cell lines arrests the cell cycle in G1 [15].
Moreover, some of them are upregulated when develop-
ing cells exit from the cell cycle [16–18], raising the pos-
sibility that they play a role in stopping the cycle at the
appropriate time.
We showed previously that in the presence of PDGF and
the absence of TH, which are conditions where the count-
ing component of the timer continues to operate normally
but the effector component does not [6], the Cdk inhibitor
p27Kip1 (p27) progressively increases in oligodendrocyte
precursor cells as they proliferate in culture [19]. The time
course of this increase is consistent with the possibility
that p27 accumulation is part of the timing component of
the intrinsic timer. We also showed that in the absence of
PDGF, p27 levels rise very rapidly and remain high after
the cells stop dividing and differentiate into oligodendro-
cytes [19], raising the possibility that p27 may also be part
of the effector component of the timer, although in this
case cell-cycle arrest was triggered by PDGF deprivation
rather then by the timing component. The accumulation
of p27, however, was not sufficient on its own to arrest cell
division and initiate differentiation in the presence of
PDGF and the absence of TH, suggesting that p27 is only
one component of the timer [19].
After we had completed these studies, three laboratories
[20–22] independently reported that mice in which both
copies of the p27 gene are inactivated by targeted gene
disruption grow more rapidly and are about one third
larger than normal, despite normal serum levels of growth
hormone (GH) and insulin-like growth factor 1 (IGF-1).
Interestingly, mice with only one p27 gene inactivated are
about one sixth larger than normal. All of the organs exam-
ined in the p27–/– mice are increased in size and contain
more cells than normal, apparently as a result of increased
cell division rather than decreased cell death. There are at
least three possible explanations for the p27–/– phenotype:
firstly, p27 normally plays a part in limiting cell prolifera-
tion in many cell lineages; secondly, p27–/– cells are more
sensitive to mitogens; or thirdly, some unknown neuro-
endocrine mechanism that regulates cell proliferation in
many organs independently of serum GH and IGF-1 is
perturbed in these mice.
In the present study we have compared the proliferative
behavior of oligodendrocyte precursor cells isolated from
the developing optic nerve of normal and p27-deficient
mice. We show that many p27-deficient precursor cells
cultured at clonal density in the presence of PDGF and
TH go through one or two more divisions than wild-type
precursors before they stop and differentiate, apparently
as a result of cell-autonomous defects in both the timing
and effector components of the timer in these cells. These
findings demonstrate that p27 is part of the normal timer
that determines when oligodendrocyte precursor cells stop
dividing and terminally differentiate, at least in vitro. In
addition, we show that the p27–/– precursors are more sen-
sitive to the mitogenic effect of PDGF, suggesting that
p27 normally regulates mitogen sensitivity in these cells.
It seems likely that p27 plays similar roles in many cell lin-
eages, providing a probable explanation for the general-
ized hyperplasia observed in p27–/– mice.
After these studies were completed, Casaccia-Bonnefil et
al. [23] reported that most oligodendrocyte precursor cells
isolated from cultures of neonatal p27–/– mouse brain fail
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to stop dividing and differentiate when they are deprived
of PDGF in culture. Their findings are significantly differ-
ent from ours, and we provide a likely explanation for why
this may be. Most importantly, Casaccia-Bonnefil et al. did
not study the effect of the p27 deficiency on the intrinsic
timer in the precursor cells. 
Results
p27 genotyping
As female p27–/– mice are sterile [20–22], we mated p27+/–
or p27–/– males with p27+/– females and assessed the geno-
type of each of the progeny by western blotting of extracts
of brain using anti-p27 antibodies. As described previously
[20], no p27 protein was detectable in p27–/– mice, and the
level of p27 protein in p27+/– animals was about half the
level of expression detected in p27+/+ mice (data not
shown). Optic nerve cells from each mouse pup were pre-
pared, cultured and assessed separately.
Growing and identifying mouse oligodendrocyte lineage
cells in culture
Our previous studies on the timing of oligodendrocyte
development in culture made use of rat optic nerve cells,
where clonal culture conditions [6] and markers for identi-
fying the various cell types [24,25] have been well worked
out. In the present study we found that these culture con-
ditions and some of the markers were unsuitable for
mouse optic nerve cells. For mouse oligodendrocyte
lineage cells to survive and proliferate at low cell density
in culture, for example, we had to increase the concentra-
tion of the adenylyl cyclase activator forskolin from 5 µM
to 20 µM. For these cells to survive at clonal density, we
had, in addition, to supplement the culture medium with
either 50% (volume : volume) astrocyte-conditioned
medium or 5% Müller-cell-conditioned medium (see
Materials and methods), in which case the cells survived
for at least 10 days.
As in rat cultures, we identified oligodendrocytes by their
characteristic morphology and, in some cases, by their cell-
surface expression of galactocerebroside (GC) [24,26].
The A2B5 monoclonal antibody [27], which can be used
to identify oligodendrocyte precursor cells in cultures of
rat optic nerve [25], cannot be used in this way for mouse
optic nerve cells, as it labels many non-oligodendrocyte-
lineage cells and does not label a substantial proportion of
the oligodendrocyte precursor cells ([28] and our unpub-
lished observations). Instead, we used a combination of
cell morphology [4] and labeling with an antiserum against
the NG2 proteoglycan [28,29] to identify the precursor
cells. Although NG2 is also expressed by meningeal cells,
these cells have a fibroblast-like morphology, which is
easily distinguished from the process-bearing morphology
of oligodendrocyte precursor cells. NG2 is rapidly lost as
the precursor cells differentiate into GC+ oligodendrocytes
([28,29] and this study).
Number of precursor cell divisions in clonal-density culture
To determine if p27 influences the number of times that
oligodendrocyte precursor cells divide before they stop and
differentiate, we cultured P7 optic nerve cells from p27+/+,
p27+/– and p27–/– mice at clonal density in the presence of
PDGF and TH and added fresh medium and PDGF every
2 days. After 5 and 7 days, we counted the number of cells
in each oligodendrocyte clone, which we defined as a clone
in which the majority of the cells had the morphology of
typical oligodendrocytes. As there was little cell death in
these cultures, and oligodendrocytes are produced in clonal
cultures of P7 precursor cells by a proliferative lineage, in
which symmetrical divisions generate daughters that tend
to differentiate at around the same time [4,30], we con-
verted the number of cells in each clone to the number of
divisions that the precursors underwent before differentiat-
ing. We probably overestimated the number of small
clones (having undergone one or two divisions), some of
which may have represented clusters of two to four oligo-
dendrocytes in the starting population. It has been shown
previously [4,6] that P7–8 oligodendrocyte precursor cells
are heterogeneous in their proliferative capacity, probably
reflecting heterogeneity in their maturation [30]. As can be
seen in Figure 1a, by 5 days in vitro none of the p27+/+
oligodendrocyte clones had undergone more than five divi-
sions, whereas some p27+/– clones had undergone six divi-
sions, and some p27–/– clones had undergone seven
divisions. At this time there were still many clones that
contained mainly precursor cells, confirming that PDGF
was not limiting in these cultures and that the observed
oligodendrocyte differentiation reflected the operation of
the intrinsic timer that limits the proliferation of the pre-
cursor cells in saturating concentrations of PDGF. By
7 days in vitro, almost all of the clones in cultures of all
genotypes contained only oligodendrocytes, presumably
because almost all of the precursor cells had now been trig-
gered to differentiate by their intrinsic timer. None of the
p27+/+ clones had undergone more than six divisions,
whereas some p27+/– clones had undergone seven divi-
sions, and some p27–/– clones had undergone eight divi-
sions (Figure 1b). Thus, in these culture conditions some
p27-deficient precursor cells went through one to two divi-
sions more than any wild-type precursor cells, and p27–/–
cells tended to go through more divisions than p27+/– cells.
Although the increase in clonal size was most obvious in
the largest p27–/– clones, it was also apparent in smaller
clones. This can be seen in Figure 1c, where the data in
Figure 1b are replotted as curves, and the p27–/– curve is
shifted to the right compared to the wild-type curve.
Thus, many p27–/– precursor cells go through one or two
extra divisions in these conditions.
Cell-cycle time
The differences in proliferative behavior between the
oligodendrocyte precursor cells from the three types of
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mice could be explained by differences in, firstly, the cell-
cycle time, secondly, the timing component of the intrin-
sic timer, which measures elapsed time, thirdly, the
effector component of the timer, which arrests the cell
cycle and initiates differentiation when the timing compo-
nent indicates it is time to do so, or by some combination
of these. To assess the influence of p27 on the total cell-
cycle time of the precursor cells, we cultured P7 optic
nerve cells from the three types of mice at clonal density
in the presence of PDGF and the absence of TH to
prevent their differentiation [6]. After 5 days we counted
the number of cells in each oligodendrocyte precursor cell
clone. In all cases, very few cells differentiated or died,
the average clone size was about 32 cells, and the average
calculated cell-cycle time was about 20 hours (Figure 2).
Thus, p27 levels did not have an appreciable effect on the
total cell-cycle time, at least in the absence of TH. To
help assess the possible influence of p27 on the effector
component of the intrinsic timer, we studied the effect of
PDGF deprivation, which stops the cell cycle and initiates
differentiation [8,9,31] by a mechanism that may or may
not be the same as the one used by the normal timer that
operates in the presence of PDGF.
Rate of response to PDGF deprivation
We showed previously that p27 levels increase rapidly
when oligodendrocyte precursor cells are deprived of
PDGF in culture — rapidly enough to play a part in arrest-
ing the cell cycle in these conditions [19]. To determine
directly whether p27 contributes to stopping the cell cycle
when precursor cells are deprived of PDGF, we cultured
optic nerve cells from the three types of mice in the pres-
ence of TH and in the presence or absence of added
PDGF. After 12, 20, 28, 36 and 44 hours we fixed the cells,
immunostained them for NG2 and GC, and counted the
proportion of oligodendrocyte lineage cells that was GC+
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Figure 2
Average cell-cycle time of oligodendrocyte precursor cells in P7 optic
nerve cultures prepared from p27+/+, p27+/– and p27–/– mice. The
cells were grown at clonal density for 5 days in the presence of PDGF
and in the absence of TH. The number of cells in each clone was
counted, and the average cell-cycle time was calculated from these
numbers. There was little cell death, and very few cells differentiated
into oligodendrocytes in these conditions. About 50–100 clones were
counted for each genotype, and the results are shown as means
± s.e.m.
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Oligodendrocyte clone sizes in P7 optic nerve cell cultures prepared
from p27+/+, p27+/– or p27–/– mice. The cells were grown at clonal
density for (a) 5 days or (b) 7 days in the presence of PDGF and TH,
and fresh medium and PDGF were added every 2 days. The cell
number in each clone that contained mostly oligodendrocytes was
recorded, and this was translated into the number of cell divisions:
clones containing two cells were classified as having gone through
one division, those containing three to four cells as two divisions, those
containing five to eight cells as three divisions, and so on. About 100
clones were counted for each mouse, and 20 mice of each genotype
were analyzed. The results are shown as means ± s.e.m. (c) The means
for p27+/+ and p27–/– cells from (b) were replotted here as curves.
for each time point. For all three genotypes this proportion
was about 50% at the start of the experiment and rose to
about 55% when the cells were maintained in TH and
PDGF for 44 hours (data not shown). As shown in
Figure 3a, when p27+/+ cells were cultured in the absence
of added PDGF, more than 90% of the oligodendrocyte
lineage cells were GC+/NG2– oligodendrocytes by
20 hours; by contrast, many of the oligodendrocyte precur-
sor cells in p27–/– cultures without PDGF differentiated
more slowly, whereas those in p27+/– cultures differenti-
ated at an intermediate rate. Even after 44 hours, about 5%
of the p27–/– oligodendrocyte lineage cells were still NG2+
and had the morphological features of precursor cells.
To determine whether any of the p27–/– precursor cells
remained in cycle after 22 hours in the absence of added
PDGF, we cultured P7 optic nerve cells from p27+/+,
p27+/– or p27–/– mice in the presence of TH and in the
absence of PDGF, and, after 22 hours, we added bromo-
deoxyuridine (BrdU) to label cells synthesizing DNA.
After a further 22 hours we fixed and immunostained the
cells for NG2 and BrdU and counted the percentages of
process-bearing NG2+ cells that were BrdU+. No NG2+
process-bearing cells were found in cultures of p27+/+ cells
(data not shown), suggesting that all of the precursor cells
had withdrawn from the cell cycle and become postmitotic
oligodendrocytes. In the case of p27-deficient cells,
however, some NG2+ precursor cells were still present
after 44 hours without PDGF, and a substantial proportion
of these were BrdU+ — about 10% in cultures of p27+/–
cells and about 50% in cultures of p27–/– cells (Figure 3b).
Most of these cycling cells were found in small groups of
2, 4 or 6 cells (data not shown), suggesting that they might
have arisen from the same precursor cell.
Why did some p27-deficient precursor cells continue to
divide in the absence of added PDGF? One possibility
was that p27-deficient cells are especially sensitive to the
small amount of endogenous PDGF made by astrocytes in
the cultures. To test this possibility we used the BrdU
assay to produce a dose-response curve for PDGF on wild-
type P7 precursor cells and showed that, as for rat precur-
sor cells [32], 10 ng/ml of PDGF-AA was a saturating
concentration for the mouse precursor cells (data not
shown). We then tested two different anti-PDGF antibod-
ies on cultures of P7 rat and mouse optic nerve cells and
showed that, while one of them completely neutralized
the mitogenic effect of 10 ng/ml of PDGF-AA on oligo-
dendrocyte precursor cells, the other one did not have a
neutralizing effect (data not shown). We then cultured P7
optic nerve cells from p27–/– or p27+/+ mice in the absence
of PDGF and in the presence of either the neutralizing or
the non-neutralizing anti-PDGF antibodies. After 12, 20
and 28 hours, we fixed and immunostained the cultures
for NG2 and GC. At each time point we counted the pro-
portion of oligodendrocyte lineage cells that was GC+. As
seen in Figure 3c, the p27–/– precursor cells differentiated
into oligodendrocytes much faster in the presence of the
neutralizing anti-PDGF antibodies than in the presence of
the non-neutralizing anti-PDGF antibodies, suggesting
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Figure 3
Oligodendrocyte differentiation in PDGF-
deprived P7 optic nerve cell cultures. The
results are shown as means ± s.e.m.
(a) p27+/+, p27+/– and p27–/– cells were
cultured without PDGF and were fixed and
immunostained for NG2 and GC after various
times. The ratio of GC+ oligodendrocytes to
total oligodendrocyte lineage cells (GC+ cells
plus NG2+/GC– process-bearing cells) is
plotted for each time point. (b) Both p27+/–
and p27–/– cells were grown as in (a), and
after 22 h BrdU was added; after a further
22 h the cells were fixed and immunostained
for NG2 and BrdU, and the proportion of
NG2+ process-bearing cells that were BrdU+
was counted in two cultures for each genotype.
(c) Both p27+/+ and p27–/– cells were cultured
as in (a), but in some cultures either
neutralizing or non-neutralizing anti-PDGF
antibodies were added to a final concentration
of 30 µg/ml. After 20, 24 and 28 h the cells
were immunostained and counted as in (a).
The data for p27+/+ precursor cells are taken
from (a). In (a) and (c) about 200 cells were
assessed per mouse, and 10 mice were
assessed for each time point.
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that endogenous PDGF was largely responsible for
keeping the p27–/– cells in cycle and slowing down the rate
of their differentiation. Even in the presence of the neu-
tralizing anti-PDGF antibodies, however, it took about
4 hours longer then normal before all of the p27–/– cells
differentiated (Figure 3c).
Discussion
The mechanisms responsible for stopping the cell cycle at
the appropriate time when vertebrate precursor cells ter-
minally differentiate are largely unknown. The stopping
mechanisms are important, as they influence both the
timing of differentiation and the numbers of differentiated
cells generated. We previously provided evidence that the
stopping mechanism in mitogen-stimulated oligodendro-
cyte precursor cells in culture depends on a cell-intrinsic
timer [4,30], which seems to involve, in part, the accumu-
lation of p27 [7,19]. In the present study we have analyzed
the proliferative behaviour of oligodendrocyte precursor
cells in clonal cultures of optic nerve cells prepared from
p27-deficient mice. We show that p27 is required for the
normal operation of the timer and that it also regulates the
sensitivity of the cells to mitogen.
p27 levels influence when PDGF-stimulated oligodendrocyte
precursors stop dividing and differentiate in culture
We showed previously that when oligodendrocyte precur-
sor cells isolated from P7–8 rat optic nerve are cultured in
the presence of PDGF and TH they undergo anywhere
from zero to eight divisions before they differentiate [4,6].
We show here that when oligodendrocyte precursor cells
from P7 wild-type mouse optic nerve are cultured in the
same conditions they divide a maximum of only six times
before they differentiate, which may be one reason why
the mature mouse optic nerve contains fewer oligodendro-
cytes than the mature rat optic nerve. Whereas, on
average, cells go through more divisions in large animals
than in smaller ones, the mechanisms responsible for
these differences remain a complete mystery. 
The most important finding of the present study is that
many oligodendrocyte precursors in clonal density cul-
tures of optic nerve cells from p27-deficient mice undergo
more cell divisions when grown in the presence of saturat-
ing amounts of PDGF and TH than do any precursors iso-
lated from wild-type litter mates and cultured under the
same conditions: whereas precursors from p27–/– mice can
go through up to two extra divisions, precursors from
p27+/– mice, in which p27 levels are half those found in
wild-type cells, at least in some tissues ([20] and the
present study), can go through only one extra division. In
principle, one possible explanation for the extra divisions
seen in p27-deficient precursor cells is that the cell-cycle
time is shorter in these cells, so that they go through more
divisions in the same period of time. This seems not to be
the case, as the cell-cycle times of p27–/– and p27+/– cells
are the same as wild-type cells, at least in the presence of
PDGF and in the absence of TH. Thus, it seems that p27
is required for the normal operation of the cell-intrinsic
timer in the precursor cells.
p27 does not act alone
Although our results indicate that p27 is required for the
stopping mechanism in oligodendrocyte precursor cells to
operate normally in culture, they also indicate that p27 is
not required for the cells to stop dividing and differenti-
ate in the presence of saturating amounts of PDGF. Pre-
vious studies on p27–/– mouse embryo fibroblasts
similarly suggested that p27 was not strictly necessary for
the cell-cycle arrest induced by serum deprivation [22]. It
is possible that some other Cdk inhibitor, or another com-
ponent of the cell-cycle control system that normally
would not act in this way, takes over the function of p27
in the p27–/– cells, allowing the cells to stop dividing and
differentiate (S. Coats, P. Whyte and J.M.R., unpub-
lished observations). Another possibility, however, is that
the stopping mechanisms in vertebrate cells normally
consist of multiple components, including cell-cycle
inhibitors that increase over time and cell-cycle promot-
ers that decrease over time [1], so that if one component
fails the mechanism still works, although less precisely.
In this view, p27 is one of the cell-cycle inhibitors that
increases over time. In Drosophila embryos, both an
increase in the cell-cycle inhibitor Dacapo [33,34] and a
decrease in the cell-cycle promoter cyclin E [35] have
been shown to be required for some cells to exit the cell
cycle at the appropriate time.
p27 may be part of both the timing and effector
components of the cell-intrinsic timer 
In principle, the failure of the cell-intrinsic timer to
operate normally in p27-deficient oligodendrocyte pre-
cursor cells could reflect a defect in either the timing
component that counts elapsed time, or the effector com-
ponent that stops the cell cycle and initiates differentia-
tion when the timing component indicates it is time to do
so, or both. To help assess the effector component in
p27–/– precursor cells, we have examined their response to
PDGF deprivation. We find that, in the absence of added
PDGF and in the presence of anti-PDGF antibodies to
neutralize any endogenous PDGF made by astrocytes in
the culture, p27–/– precursor cells stop dividing and differ-
entiate with about a 4 hour delay compared with wild-
type cells, suggesting that the effector mechanism
triggered by PDGF deprivation is somewhat defective in
the p27–/– cells. It is uncertain whether this effector
mechanism is similar to the one that arrests the cycle in
the presence of PDGF when the timing mechanism indi-
cates it is time to do so. As the only known function of
p27 is to inhibit cell-cycle progression, however, it seems
likely that p27 also contributes to the effector component
of the intrinsic timer.
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A delay of a few hours in the effector component is proba-
bly insufficient to explain why p27–/– precursor cells
divide one to two more times than wild-type cells in
PDGF-stimulated clonal cultures. These results therefore
suggest that the p27–/– cells are also defective in the
timing component of the intrinsic timer. This suggestion
is strongly supported by our previous findings that p27
levels progressively increase in dividing precursor cells
with the expected time course for a component of the
timing mechanism [19], and that p27 levels increase faster
when the temperature is lowered from 37°C to 33°C, a
temperature at which the timing mechanism runs faster
[7]. Thus, it seems likely that p27 plays a part in both the
timing and effector components of the intrinsic timer.
Cassacia-Bonnefil et al. [23] reported that most oligoden-
drocyte precursor cells isolated from cultures of neonatal
p27–/– mouse brain failed to stop dividing and differentiate
when they were deprived of mitogen in culture, whereas
we find that the great majority of p27–/– precursor cells in
optic nerve cell cultures stop dividing and differentiate
within 1–2 days in these conditions. Three lines of argu-
ment suggest that the failure of most p27–/– precursor cells
to differentiate in the mitogen-deprived cultures reported
by Cassacia-Bonnefil et al. [23] was due to the presence of
endogenous mitogen in the cultures: firstly, Cassacia-Bon-
nefil et al. were able to label 10% of wild-type cells with a
6 hour pulse of BrdU after 5 days in vitro without added
mitogens, strongly suggesting that endogenous mitogens
were present in their cultures; secondly, at the start of
their cultures, 10% of the cells were astrocytes, an estab-
lished source of PDGF [8–10]; and thirdly, anti-PDGF
antibodies greatly increased the rate at which p27–/– pre-
cursor cells differentiated in our cultures, suggesting that
p27–/– precursor cells can be kept dividing by low levels of
endogenous PDGF.
As Cassacia-Bonnefil et al. [23] found that the number of
oligodendrocytes and the amount of myelin were
increased rather than decreased in the brains of their
p27–/– mice, they suggested that factors that are present in
vivo but not in vitro may induce oligodendrocyte precursor
cells to exit the cell cycle and differentiate. Even in the
presence of saturating amounts of PDGF, however, we
find that p27–/– precursor cells withdraw from the cell
cycle and differentiate after at most one or two extra divi-
sions, which could readily explain the increase in oligo-
dendrocytes and myelin in p27–/– mice, without having to
invoke differentiation-inducing factors.
p27-deficient precursor cells are more sensitive to PDGF
Our finding that endogenous PDGF levels in optic nerve
cell cultures are sufficient to keep some p27-deficient pre-
cursor cells, but not wild-type precursor cells, dividing sug-
gests that the mutant cells are more sensitive to the low
levels of PDGF found in these cultures than are wild-type
cells. This finding supports previous observations that
p27–/– cells are hypersensitive to low levels of mitogen
([20,36] and see below). There are a number of observa-
tions that connect p27 to mitogen responsiveness. When
p27 levels are artificially elevated in various cell lines by
transfection, the cells become unresponsive to mitogens
and arrest in G1 (reviewed in [15]). Conversely, when the
expression of p27 in 3T3 cells is inhibited with antisense
oligonucleotides, the cells continue to divide following
mitogen deprivation [36]. Moreover, p27–/– thymocytes
seem to be more sensitive to the mitogenic effect of inter-
leukin-2 than are wild-type thymocytes [20]. The p27
protein counteracts the effects of mitogens mainly by
inhibiting the activity of cyclin–Cdk2 complexes, which
are required for progression through G1 and entry into S
phase (reviewed in [15]). Conversely, mitogens can coun-
teract the effect of p27 by activating the transcription of
c-myc, which can in turn counteract p27 action [37,38].
Mitogens can also increase p27 degradation [39–42] and
decrease p27 synthesis [43]. Thus, there are probably mul-
tiple reasons why p27-deficient oligodendrocyte precursor
cells are more sensitive to the mitogenic effect of PDGF
than wild-type cells.
In principle, the phenotype of p27-deficient mice could be
explained entirely by the increased mitogen sensitivity of
various cell types. Our results with p27-deficient oligoden-
drocyte precursor cells, however, cannot easily be explained
in this way, as these cells undergo more divisions than wild-
type cells even in the presence of saturating amounts of
PDGF, suggesting that the mutant cells have an intrinsic
defect in their stopping mechanism, as discussed above.
Our suggestion that defects in cell-intrinsic timers may
explain at least part of the phenotype of p27-deficient
mice assumes that such timers work in vivo, as well as in
vitro. Two lines of indirect evidence suggest that the
intrinsic timer in an oligodendrocyte precursor cell oper-
ates in vivo to determine when the cell stops dividing and
differentiates. First, whereas the delivery of extra PDGF
to P8 rats greatly inhibited the normal cell death of newly
formed oligodendrocytes in the optic nerve, it did not
increase the proliferation of oligodendrocyte precursor
cells in the nerve [5], suggesting that the precursors do not
normally stop dividing and start to differentiate because of
PDGF deprivation, at least at this stage of development.
Second, a cell-lineage study in the developing rat brain
using retrovirus-mediated gene transfer suggests that the
progeny of individual oligodendrocyte precursor cells tend
to differentiate more or less synchronously, as clones of
oligodendrocyte lineage cells contained either precursors
or oligodendrocytes, but not both [44]; this finding is con-
sistent with the possibility that oligodendrocyte differenti-
ation in vivo is controlled largely by an intrinsic timer
rather than by mitogen deprivation or differentiation-
inducing factors.
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p27 may help many types of developing vertebrate cells to
exit the cell cycle
It is likely that p27 plays a part in stopping cell division in
many cell lineages during vertebrate development. Levels
of p27 are high in many tissues where cells are exiting the
cell cycle and terminally differentiating [45–47]. Most
importantly, in p27–/– mice, all organs that have been
examined are larger than normal as a result of an increase
in cell number, apparently due to an increase in cell prolif-
eration rather than a decrease in cell death [20–22]. Thus,
our findings may be relevant to many vertebrate cell lin-
eages where precursors divide a limited number of times
before they terminally differentiate.
Cdk inhibitors also play a part in stopping cell division in
developing invertebrates. The Drosophila dacapo gene, for
example, encodes a p27-like Cdk inhibitor, which is
expressed in a number of developing tissues, including
the epidermis, just as cells exit the cell cycle. In dacapo
mutants, epidermal precursor cells go through an extra cell
division before differentiating [33,34]. Thus some of the
mechanisms involved in cell-cycle exit may be widely
conserved in animals. The dacapo gene, however, is con-
trolled transcriptionally and is expressed only transiently
at high levels when cells exit the cell cycle [33,34],
whereas p27 protein progressively accumulates as oligo-
dendrocyte precursor cells proliferate and remains high in
terminally differentiated oligodendrocytes [19], as well as
in other postmitotic cells [15,16]. Moreover, p27 levels
seem to be regulated mainly post-transcriptionally [48,49],
by protein sequestration [48], translational control [39] or
ubiquitin-dependent proteolysis [50].
In summary, our findings suggest that an increase in p27 is
part of the mechanism that stops precursor cell division at
the appropriate time in a number of vertebrate cell lin-
eages. The other components of the stopping mecha-
nism(s) remain to be discovered, but it seems likely that
they will include both intracellular cell-cycle promoters
and intracellular cell-cycle inhibitors, which decrease and
increase, respectively, to help arrest the cell cycle at the
correct time.
Materials and methods
Optic nerve cultures
The p27-deficient mice were produced as previously described [20]
and bred in the animal facility at University College London. All chemi-
cals were from Sigma unless indicated otherwise. Optic nerves were
removed from P7 mice and dissociated as previously described [19].
Briefly, the nerves from individual mice were cut into fragments, treated
with trypsin (0.05%, Boehringer Mannheim) in Earle’s balanced salt
solution (EBSS), and dissociated with a 200 µl micropipette (Gilson) in
Dulbecco’s modified Eagle’s medium (DMEM) containing 30%
(volume : volume) fetal calf serum (FCS) and 0.04% DNase. The cells
were plated onto poly-D-lysine (PDL)-coated glass coverslips (3,000
cells per coverslip) or into a Nunc tissue culture flask (3,000 cells per
flask), and grown in 8% CO2 at 37°C in Bottenstein-Sato medium [51],
modified as previously described [52]. Forskolin and PDGF-AA (Pepro-
tech) were added to a final concentration of 15 µg/ml and 10 ng/ml,
respectively. In some cases, TH was added as triiodothyronine and thy-
roxine at 40 ng/ml each. Where indicated, the medium was supple-
mented with either 50% (volume : volume) astrocyte-conditioned
medium prepared from newborn rat brain astrocytes, which were pre-
pared and grown for 3 days in DMEM as previously described [53], or
5% (volume : volume) Müller-cell-conditioned medium prepared from
newborn mouse retinal Müller cells, which were prepared and grown for
2 days in DMEM as previously described [54]. All of the factors were
used at concentrations that were shown to be on the plateau of their
dose response curves. Half of the medium and additives were changed
every 2 days. In some experiments, optic nerve cell cultures, growing in
the absence of PDGF, were treated with either neutralizing rabbit anti-
human PDGF-AA antibodies (R&D systems; AB-221-NA) or non-neu-
tralizing rabbit anti-human PDGF-AA antibodies (Biogenesis), which
were added to the medium at the beginning of the culture period at a
concentration of 30 µg/ml. We found that the neutralizing antibodies at
this concentration abolished the mitogenic activity of 10 ng/ml of PDGF-
AA on oligodendrocyte precursor cells in both rat and mouse optic
nerve cell culture, whereas the non-neutralizing antibodies had no effect.
Immunofluorescence staining
For staining cells on their surface for NG2 or GC, cells were fixed in
2% paraformaldehyde in 0.1 M phosphate buffer for 5 min at room tem-
perature. After washing, the cells were incubated for 15 min in 50%
normal goat serum (NGS) to block nonspecific staining. They were
then incubated in either a rabbit anti-NG2 antiserum [29] (diluted
1:100), followed by biotinylated-anti-rabbit IgG antibodies (Amersham;
diluted 1:100) and Texas-red-coupled streptavidin (Amersham; diluted
1:100) or monoclonal anti-GC antibody [26] (ascites fluid diluted
1:100) followed by FITC-coupled goat anti-mouse IgG3 antibodies
(Nordic; diluted 1:100). For BrdU staining, BrdU (Boehringer
Mannheim) was added to the culture medium to a final concentration of
10 µM. Cells were fixed in 100% methanol at –20°C for 5 min and then
incubated in 2 N HCl for 10 min to denature the DNA, followed by
0.1 M sodium borate pH 8.5 for 10 min. The cells were then incubated
in 50% NGS for 15 min, then monoclonal anti-BrdU antibody [55]
(supernatant diluted 1:1), and then fluorescein-coupled goat anti-
mouse IgG1 antibodies (Amersham; diluted 1:100). All incubations
were for 25 min at room temperature, and the dilutions were in Tris-
buffered saline containing 1% bovine serum albumin and 10 mM
L-lysine. The coverslips were mounted in Citifluor mounting medium
(Citifluor UKC) on glass slides, sealed with nail varnish, and then exam-
ined with a Zeiss Universal fluorescence microscope.
Western blotting
The genotype of each mouse was determined by western blotting of a
brain extract using affinity-purified rabbit anti-p27 antibodies (Santa-
Cruz) and the ECL method (Amersham) according to the manufactur-
er’s instructions. Half of the brain was homogenised with a pestle in
500 µl sample buffer consisting of 125 mM Tris pH 6.95, 15%
sucrose, 4% SDS, 10 mM EDTA, 0.0001% bromophenol blue, and
100 mM dithiothreitol (added fresh) and boiled for 5 min. The DNA was
sheared by ultrasonication for 20 sec, and the extracts were stored at
–20°C until use. Protein concentration was assayed by Coomassie
staining (Pierce). Samples (10 µl) were boiled briefly and analyzed by
SDS–PAGE, using a 12% gel (mini-protean, Biorad), prepared using a
modified Laemmli gel recipe. The proteins were transferred from the gel
to nitrocellulose, which was stained with india ink to check for the
quality of the transfer and that an equal amount of protein was loaded
in each lane. The nitrocellulose was then blocked in phosphate-
buffered saline containing 0.1% Tween-20 and 5% nonfat dry milk
(PBST-M), incubated in the affinity-purified rabbit anti-p27 antibodies
(diluted 1:1000 in PBST-M), followed by biotinylated donkey anti-rabbit
Ig antibodies (Amersham; diluted 1:3000 in PBST-M) and then strepta-
vidin coupled to horseradish peroxidase (Amersham; diluted 1:3000 in
PBST-M with 0.5% caseine). The labeled proteins were detected by
the ECL method (Amersham). The genotype of each mouse was con-
firmed independently by western blotting of heart extracts (Robert
Poolman, personal communication).
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